The Concept of Gene: A Brief History
Since its inception (Johannsen 1909 ) the notion of gene has evolved continuously (Keller 2000) . In the past century the point of view about genes has been dominated by genetics up to the '30s. The great geneticists of that period, such as Sutton, Morgan, Bridges and Muller (Portin 2002) , strongly contributed to the birth of that view. According to the studies on the transmission of characters, the gene is regarded as the indivisible unit of inheritance subject to mutations and genetic recombination. Successively, during the '40s, the studies performed on Neurospora crassa allowed to link the concept of gene to the synthesis of a given enzyme, yielding the well-known ''one gene-one enzyme'' theory by Beadle and Tatum (1941) . This genetic-biochemical conception had its turning point towards a molecular view in 1953, when Watson and Crick solved the basic structure of DNA (Watson and Crick 1953) . The association of DNA with the genetic material had been made ten years before by Avery et al. (1944) and had been confirmed by Hershey and Chase (1952) . The notion that the physical base of inheritance resides in DNA paved the way to several important findings, such as those of Jacob and Monod (1961) , and became widely accepted over the '70s. This led to amend the concept of gene, identifying it with a continuous DNA sequence responsible for the synthesis of a given mRNA and consequently of a polypeptide. The co-linearity involving gene, RNA and protein has been the standard model until the middle of the '70 s. Then, following the introduction of recombinant DNA technologies and the consequent cascade of new discoveries, ideas concerning the essence of a gene did no longer fully correlate with experimental data. The concept of gene evolved further as the limits of the previous view became evident in the light of major novel acquisitions: (1) the discovery of repeated genes that do not code for proteins (Davidson and Britten 1973) ; (2) the discovery of split genes, which also demonstrated the absence of an absolute gene-protein co-linearity and the existence of a surplus of genetic material (Chow et al. 1977) ; (3) the capability of the cell to process RNA not just in a single way but in many different ways through alternative splicing, resulting in different proteins from the same coding sequence (Horowitz et al. 1978) . Moreover, in the '70s transposable elements, DNA sequences able to move within a genome and among genomes (Cohen 1976) , were characterized at the molecular level, although their genetic identity had been predicted by the pioneering studies of Barbara McClintock decades before (McClintock 1947 ). These findings, followed by several others, e.g. the discovery of overlapping genes (Normark et al. 1983) , revealed an unexpected plasticity of the genome and the gene-protein co-linearity, with its organization able to change only by mutation or DNA recombination, became old-school.
More recently the development of sequencing technologies such as next generation sequencing (NGS), which allows quick sequencing of whole genomes (Schuster 2008) genome is transcribed in a pervasive manner (Jensen et al. 2013 ). This implies that not only putative coding regions undergo transcription but that almost the entire genome is transcriptionally active and that the boundaries separating genes are not clearly delineated. This challenges the currently dominant concept of gene as a unit delimited by specific initiation and termination points. Moreover, the advent of epigenetics and novel acquisitions on the tridimensional structure of DNA and of its supramolecular complexes, provide experimental support to the notion that, in terms of hereditability, information can be associated also to different elements beyond a simple linear array of nucleotides. Present views see a gene as a DNA sequence converted into RNA through transcription. This RNA, in turn, may or may not be translated into protein(s). The final products of transcription and/or translation specify a character sensu stricto. This implies that the function of a given RNA or of a given protein can affect cell physiology at whatever level, both in a structural respect and/or by regulating or controlling other genes. This definition takes account of protein coding genes, non coding RNAs, split genes, alternative splicing, microRNAs and long non coding RNAs.
Genotype Versus Phenotype?
The term genotype refers to the entire set of genes in a cell, an organism, or an individual. In the diploid complement of an individual a gene for a particular character or trait may be present in two allelic forms. The notion of phenotype, on the other hand, identifies observable physical or biochemical features of an organism, as determined by both genetic makeup and environmental influences. Considering these definitions, the genotype is constituted by the DNA sequences representing genes. However, DNA has intrinsically also a phenotypic nature because most of its biochemical features are observable and measurable. According to this view all DNA structures, intended as simple arrays of pentose sugars linked by phosphodiester bonds and carrying nitrogen bases bound by N-glycosidic linkages, represent the phenotypic essence of a gene (we can call this the DNA phenotype to distinguish it from the phenotype at the organism level, Fig. 1 ) while its genotypic nature resides in the coding potential underlying transcription. In this morpho-functional perspective a gene is envisaged as a DNA tract endowed with phenotype and genotype at the same time (coding regions), while other regions act as pure phenotype (non coding regions). The genotype nature of a gene could not exist without the supporting framework provided by the DNA phenotype. At the organism level the genotype accounts for the observed phenotype (Fig. 1) .
Traditionally, when discussing about characters associated to DNA coding properties, the phenotype nature of the molecule has been disregarded. From an evolutionary standpoint the information flux that characterizes the present reality is the result of natural selection processes that allowed to fix defined genetic and morphologic traits in response to the surrounding environment and its variations. In essence, we know what genetic inheritance is all about, i.e. the transmission of the genetic complement of a generation to its offspring. However, DNA has also its physical nature as an ensemble of atoms occupying a given space and leading to the formation of a defined structure. Beyond the informational-genotypic component it is necessary to consider also the structural-phenotypic aspect of DNA. These two natures mutually affect each other and the boundary separating them is often elusive. Banking on these considerations, the concept of gene phenotype inheritance can be introduced, based on the structure of the DNA molecule and on its ability to be conserved and transmitted in all living organisms since 3.5 billions of years: while the coding essence is related to the environment, mainly through natural selection, and is subject to large variations, the physical reality of DNA as a molecule remains the same during evolution and is common to all living species.
The Epigenetic Scenario
Since 1942 (Waddington 1942) it has been proposed that, at least for certain characters, a further layer controlling inheritance exists, acting on top of the genetic level: epigenetics. The transmission of the functional state (epigene) Fig. 1 The two faced nature of genes. The DNA phenotype, i.e. the molecular constitution of the DNA and its epigenetic modifications, determines the coding information, i.e. the genotype. Through gene expression the organismal phenotype is obtained. Following outer inputs the latter may, in turn, influence the DNA phenotype. The double faced image refers to the ancient roman myth of Janus bifrons is as important as the function encoded in a given gene. The functional state can be affected by physical modifications of a gene (e.g. methylation) (Schübeler 2015) or carried by other chromatin components (i.e. modifications of histone tails; nucleosome positioning and/or occupancy) (Kouzarides 2007) . These modifications may directly depend on the environment (Feil and Fraga 2012) . Some phenotypic modifications borne by DNA may pass also to offspring, although in minimal part (Blaze and Roth 2015) . Hence, the genotype can acquire novel informational content from the environment without changing its sequence but simply by modifying its phenotype.
In this perspective epigenetics provides a clear link between the genotypic and the phenotypic nature of a gene. In other words, an epigenetic modification can actually affect the functional status of a gene determining its phenotypic change through the alteration of the chemical structure of the nucleic acid, but at the same time it can also determine a genotypic regulation by promoting or silencing gene expression and/or by acting on the coding properties of the nucleic acid. Some epigenetic modifications are inheritable, as is the case for DNA methylation, which in turn can trigger additional epigenetic alterations. Epigenetic modifications are also able to alter the genotype by modifying the phenotype. An exemplification comes from experiments showing that in rodents the DNA methylation profiles of germ cells may be altered, with consequent strong transgenerational potential, following exposure of individuals to chemical stress conditions during adult or prenatal life (Pacchierotti and Spanò 2015) . In general, there is now substantial agreement that environmental and stress factors are strictly related to epigenetic modifications affecting gene expression (Roth 2013) . In essence, epigenetics as transducer of external signals represents an additional variability source, acting as an additional evolutionary driving force together with natural selection and genetic drift (Schrey et al. 2012 ).
The Double Faced Gene
The need to account for all currently available experimental observations has reshaped the concept of gene, turning an essentially mechanistic unit predominant during the '70 s into a quite abstract, open and generalized entity whose contour appears less defined as compared to the past. The more data are gathered, the greater an abstraction effort is required in order to understand and define the essence of a gene. The boundaries of the object we are investigating (the gene itself) become fuzzy as we move closer. The same happens at the scale of an electron, with its double nature of particle and wave, where measurements become probabilistic and not absolute. Can also the essence of the gene be considered double-faced? In this respect genotypic and phenotypic entities of a gene would coexist and mix reciprocally (Fig. 1) . This harmonizes present knowledge with current definitions and predisposes for remodeling of our thinking as a consequence of future discoveries. This two-sided view of the gene brings its phenotype and genotype domains closer together and allows to combine the genetic and epigenetic aspects in a unique solution, being structural and functional at the same time and simultaneously able to include the different levels in an overlapping unicum.
